Exposure to environmental stressors during early development has important 16 implications for rescheduling many cellular and molecular mechanisms. In some fish 17 species, environmental stressors, like high temperatures (HT), cause an increase in 18 cortisol levels. In turn, this mechanism induces sex reversal of genotypic females, 19 overriding genetic factors related to development of the gonad. However, the 20 involvement of the brain in this process is not well clarified. In the present work, we 21 investigated the mRNA levels of corticotropin-releasing hormone b (crhb) and its 22 receptors (crhr1 and crhr2), and found out that they were up-regulated at HT during the 23 critical period of gonadal sex determination in medaka (Oryzias latipes), i.e., when the 24 gonadal primordium is sexually labile. In order to clarify their roles in sex reversal, 25 biallelic mutants for crhr1 and crhr2 were produced by CRISPR/Cas9 technology. 26
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Remarkably, biallelic mutant of both loci (crhr1 and crhr2) did not undergo female-to-27 male sex reversal upon HT exposition, whereas mutants for either crhr1 or crhr2 28 showed partial, or intersex phenotypes, suggesting that both crh receptors are required 29 for HT-induced masculinization. Inhibition of this process in double crhrs mutants 30 could be successfully rescued through the administration of the downstream effector of 31 the hypothalamic-pituitary interrenal axis, the cortisol. Taken together, these results 32 revealed for the first time the participation of the central nervous system acting as a 33 transducer of masculinization induced by thermal stress. 34
INTRODUCTION 35
As a general trend, the response of the neuroendocrine system to environmental 36 stressors produces the elevation of the hypothalamic corticotropin-releasing hormone 37 (CRH). CRH in turn stimulates the secretion and release of adrenocorticotropic 38 hormone (ACTH) from the pituitary gland (Aguilera & Liu, 2012; Kovacs, 2013) , 39 regulating cortisol levels through the adrenal gland (Mommsen, Vijayan, & Moon, 40 
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Generation of biallelic mutation of crhr1 and crhr2 using CRISPR/Cas9 technology 128
To analyze the participation of the HPI axis in temperature-induced masculinization, we 129 disrupted this axis through the biallelic mutations of crhr1 or/and crhr2 using 130 CRISPR/Cas9 technology. Biallelic mutations of both Crh receptors generated indels in 131 the transmembrane domain resulting in a receptor with a protein segment that fails to 132 anchor into the membrane lipid bilayer, and then unable to activate the intracellular G 133 coupled protein (Grammatopoulos, 2012) . Thus, the sgRNAs for crhr1 and crhr2 genes 134 were designed at the exons 7 (located in the transmembrane helix 3) and 10 (located in 135 the transmembrane helix 6; Fig. S2A ), respectively. These sgRNAs were synthesized in 136 vitro, and co-injected with nCas9n RNA (cas9) into one-cell-stage embryos. The 137 mutagenesis efficiency for each sgRNA was analyzed by the heteroduplex mobility 138 assay (HMA; Fig. S2B ) (Ota et al., 2013) , which reached 99.6 % for sgRNA-crhr1 and 139 100 % for sgRNA-crhr2 ( Fig. S3A and S3B ). Additionally, some biallelic positive 140 amplifications were sequenced to confirm the indels presence (Fig. S2C) . Data indicate 141 that most cells contained biallelic indels, and consequently, loss of function in crhr1 and 142 crhr2 mutants. Additionally, the potential off-target sites for each sgRNAs were 143 searched in the medaka genome using the Medaka Pattern Match Tool 144 (http://viewer.shigen.info/meda-kavw/crisprtool/) and CCTop -CRISPR/Cas9 target 145 online predictor (Stemmer, Thumberger, del Sol Keyer, Wittbrodt, & Mateo, 2015) . 146
None of the embryos analyzed presented indels on the off-target sites for each of the 147 injected sgRNAs (Fig. S3A and S3B) . 148
Moreover, no morphological and survivals alterations were observed in a batch of 149 animals reared at 24°C (CT) up to 60 days post-hatching (dph) in term of morphological 150 and survival (Fig. S4) . 151
Genotypic female biallelic crhrs mutants did not show HT-induced masculinization 152
In order to assess the participation of Crh-related genes in the sex reversion of genotypic 153 females to phenotypic males induced by HT, we analyzed the expression of well-known 154 gene markers for gonadal sex differentiation in fish, such as gsdf, sry-box9 type 2α 155 (sox9a2), gonadal aromatase (cyp19a1a, estrogen-related gene) and hydroxysteroid 11-156 beta dehydrogenase 2 (hsd11b2, androgen-related gene) (Chakraborty, Zhou, together (cas9+sgRNA-crhr1+-crhr2); and they were then incubated at HT (32 °C). 162
Control fertilized eggs were injected only with cas9 and then incubated at CT and HT 163 (cas9-24 ºC and cas9-32 ºC, respectively; Fig. 3A) . In all treatments, genotypic females 164
) that presented indels were selected for analysis of gene expression at stage 165 37. As expected, cas9-32 ºC individuals presented higher levels of gsdf and sox9a2, and 166 lower of cyp19a1a expression levels when was compared to cas9-24 ºC individuals 167 (Fig. 3B, 3C and 3D, respectively), evidencing the molecular mechanism of action of 168 masculinization induced by HT. However, the double biallelic crhrs mutant of 169 genotypic females at HT showed a female pattern of lower gsdf and sox92a expression 170 levels, and higher of cyp19a1a, resembling those of cas9-24 ºC group (Fig. 3B, 3C , and 171
3D). 172
When each biallelic crhr mutants of XX embryos were analyzed the gene expression 173 pattern showed an intermediate phenotype, with high gsdf, sox9a2 and cyp19a1a (Fig.  174 3B, 3C, and 3D). Here it is necessary to take into account that in the biallelic mutant of 175 each crh receptor as the crhr paralog is fully active. Moreover, we analyzed the 176 expression pattern of the androgen-related gene, hsd11b2, which did not show 177 differences between treatments (Fig. 3F) . 178 179 (Fig. 4A and 4C ). At 24 °C no reversal was found, with 197 all fish showing normal ovary development ( Fig. 4A and 4B ). The double biallelic crhrs 198 mutant showed a wide-ranging insensitivity to HT-induced female-to-male sex reversal, 199 with all XX individuals presenting normal ovary morphology (Fig. 4A, and 4B) . 
212
Biallelic mutations of crhr exhibit inhibition of Acth release and lack of cortisol 213 increase 214
As we previously did not observe a correlation between the up-regulation of crhb and 215 the acth transcript abundance (Fig. 1 , and 2), we measured the Acth-immunoreactive 216 (Acth-ir) cells using immunofluorescence in the pituitary of genotypic female embryos 217 at stage 39, with or without functional receptors and incubated them at HT (Fig. 5A) . 218
Firstly, we observed differences in the fluorescence intensity of the Acth-ir cells in XX 219 embryos incubated at control and high temperature (Fig. 5B, 5C , and 5H), suggesting 220 that thermal stress induces Acth release. Moreover, we measured Acth-ir in biallelic 221 crhrs mutants and observed higher fluorescence intensity in relation to embryos 222 incubated at HT (Fig. 5C, 5D , 5E, 5F, and S5), resembling the XX cas9 control 223 embryos ( 
247
Cortisol exposure rescued the lack of sex reversal phenotype in crhrs mutants 248
In view that the entire HPI axis seems to be functional during the critical period of 249 gonadal fate and the biallelic mutations in crhrs inhibited masculinization of genotypic 250 females incubated at HT, we decided to test whether the addition of cortisol could 251 rescue the absence of sex reversal in the mutants. Therefore, we performed an 252 experiment in which all embryos were maintained in an embryo medium with or 253 without cortisol (5 µM) from fertilization to 5 dph (Fig. 6A) (Hayashi et al., 2010) . The 254 double biallelic crhrs mutants showed a transcription the phenotype of XX at HT, with 255 a low transcript abundance of gsdf (Fig. 6B) , a typical XX-24 °C gsdf expression 256 pattern. 257
Finally, the treatments of XX biallelic crhr1 mutant, treated with or without cortisol at 258 HT, presented high levels of gsdf, similar to control XX cas9 injected larvae (Fig. 6B) , 259
suggesting that the XX biallelic crhr1 mutant is not sufficient to induce a female (low) 260 pattern of gsdf. These results are in agreement with the high level of cortisol observed at 261 stage 39 (Fig. 5I) . However, XX biallelic crhr2 mutants larvae reared at HT maintained 262 low transcript abundance of gsdf (Fig. 6B) , a typical female-like expression pattern. 263
Most importantly, XX biallelic crhr2 mutant reared with 5 µM cortisol at HT showed a 264 male-like (high) gsdf expression pattern, similar to XX cas9-injected XX fish (Fig. 6B) . 265
To better understand the compensatory molecular mechanism, we analyzed the 266 transcript abundance of the crhr2 and crhr1 in the XX biallelic crhr1and crhr2 mutant, 267 respectively. We also observed an up-regulation of the crhr2 in the XX biallelic crhr1 268 mutants (Fig. 6C ), but not for crhr1 in XX biallelic crhr2 mutant larvae (Fig. 6D) , 269 suggesting a molecular compensatory mechanism. 270 271 
Sexing of embryos by PCR 430
Each embryo of stages 33, 37, 39, and 5-dph and 20-dph larvae was analyzed to 431 determine its genotypic sex. Animals were subjected to DNA analysis for the presence 432 of the dmy/dmrt1bY gene. For this purpose, we collected DNA from each RNA 433 extraction following manufacturer's instructions. A PCR analysis was then performed 434 using primers for dmy (Nanda et al., 2002) and the presence of β-actin gene was used as 435 a DNA loading control (Table S1) HMA. Conventional PCR analysis was performed with genomic DNA using primers 474 listed in Table S1 . Electrophoresis performed in 12 % acrylamide gel (Ota et al., 2013) , 475 stained with ethidium bromide for 15 min before examination. PCR products were 476 sequenced to confirm the presence of indels (Ansai & Kinoshita, 2014) . 477
Off-target analysis 478
Potential off-target sites in the medaka genome were searched using a ''Pattern Match'' 479 tool in New Medaka Map (beta) at the NBRP medaka web site 480 (http://viewer.shigen.info/medakavw/patternmatch). All potential off-target sites 481 identified were analyzed by HMA using the primers listed in Table S1 . 482
Biallelic mutant screening 483
Crispant (injected embryos with cas9+sgRNA) fish were mated with wild-type ones 484 from Himedaka strain. Genomic DNA was extracted from each F1 embryos for analysis 485 of mutations by HMA, as described previously (Table S1 ). Mutant alleles in each 486 embryo were determined by direct sequencing of the crhr1 or crhr2 gene region. 487
Histological analysis 488
Samples for histological examination of gonadal sex (n = 15 -25/per group) were taken 489 at 20 dph and analyzed following the criteria reported above (5). Firstly, the caudal fin 490 was taken for gDNA extraction using conventional saline buffer extraction to determine 491 genotypic sex and for HMA analysis (Aljanabi & Martinez, 1997) 
